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Abstract 
 
Cells use actin to provide structure and stability to the membrane, to drive 
motility, and to adhere to, pull on, and reorganize the extracellular matrix. Here I 
demonstrate that α-actinin-4, a well-known actin crosslinking protein and long 
believed to be the primary actin bundling protein for contractile actin arrays, 
actually inhibits bundling of actin filaments into stress fibers in epithelial cells. I 
show that α-actinin-4 accomplishes this by inhibiting tropomyosin dependent 
stabilization of filamentous actin, and maintains a dynamic basal actin array 
through promoting actin disassembly. Lastly I demonstrate that α-actinin-4 
localization in cells can be modulated by phosphorylation of its actin-binding 
domain. 
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CHAPTER 1 
INTRODUCTION 
 
1.1  Purpose of This Study 
 
This goal of this study is to uncover the role of actin binding proteins, in 
particular alpha-actinin, in organizing and altering the structure of actin in 
epithelia. Actin is a globular protein that can oligomerize to form long filaments 
called f-actin. This study is interested primarily in f-actin and its structure in 
cells. Cells, to accomplish many different tasks, use f-actin. For example, f-actin 
is used to generate pushing forces in the leading edge of motile cells via its 
polymerization from monomer and to move vesicles through the cytoplasm. 
Cells also use f-actin to generate pulling forces in fibers that are used to shorten 
cell length, as in muscles, and to stabilize cells within tissues. Lastly, cells use f-
actin immediately under the plasma membrane to provide structure and help 
shape the cell. Consistent with their different functions the ultrastructure of f-
actin in these networks varies. In the next several sections I will delve more into 
the structures that will be of interest in this study; stress fibers, cell cortex, and 
lamellipodia.  After that I will introduce alpha-actinin and its known regulation.  
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1.2  Stress Fibers 
 
Stress fibers are the prominent bundles of actin filaments at the basal 
surface of cells. They were first seen as dark lines crossing many cell types as 
they were grown in tissue culture. The term “stress fiber” was coined because it 
was believed that the fibers were formed in response to tension on the 
protoplasm (Lewis and Lewis, 1924). It wasn’t until the advent of electron 
microscopy and the optimization of fixation procedures that stress fibers were 
confirmed to exist and to consist of microfilaments that were organized into 
parallel bundles that ended in dense plaques later termed focal adhesions 
(Goldman, 1975; Heuser and Kirschner, 1980; Perdue, 1973; Willingham et al., 
1977; Willingham et al., 1981). With the arrival of fluorescent microscopy, stress 
fibers started to receive more attention and it was then that researchers were 
able to start dissecting their biochemical make up (Lazarides, 1975; Lazarides, 
1976; Lazarides and Burridge, 1975).  It was also some of these early 
microscopy studies that demonstrated stress fibers were contractile themselves 
and not solely a response to external tension (Isenberg et al., 1976). The interest 
in stress fibers hasn’t deteriorated in the last fifty years since they were 
confirmed to exist in tissue culture cells.  
In order to better understand the structure and function of stress fibers in 
cells, many have used electron microscopy to determine the orientation of the 
actin that makes up the fibers. It was determined early on that understanding 
the orientation of the actin would give us mechanistic insight into the function of 
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stress fibers. The reasoning behind this thought is that the actin that makes up 
stress fibers is a filament made up of many actin monomers. The actin polymer 
has an intrinsic polarity. One end of the filament is termed the pointed end and 
the other the barbed end. These were given based off of the ultrastructure of the 
filament as determined by electron microscopy (Huxley, 1963). More importantly 
than the ultrastructure that gave rise to their names, the barbed and pointed end 
give biochemical polarity to the filament. In pure solution, actin monomer adds 
preferentially to the barbed end and comes off of the pointed end (Wegner, 
1976). This has given rise to the term treadmilling (Kirschner, 1980). The cell 
seems to use this polarity to accomplish different tasks. For example it is known 
that the pointed end of the filaments point towards the leading edge of cells as 
they migrate and the addition of actin monomers to the filaments at the leading 
edge provides the force to push the membrane forward and leads to migration. 
This will be discussed in more detail later when I cover lamellipodia. Another 
example of the cell using the polarity of the actin filament to accomplish a 
specific task is in the muscle sarcomere. The sarcomere is organized in such a 
way that the pointed ends of the filaments all point towards the middle of the 
sarcomere and the barbed ends point towards the z-disk (Huxley, 1963). This 
means that actin is preferentially added to at the z-disk, but more importantly for 
the sarcomere this orientation of the actin filaments allows the muscle to 
become a contractile unit. This is achieved through the actin dependent motor, 
myosin, that is localized in-between two z-disks. Myosin is able to walk along 
filaments towards the barbed ends and muscle myosin forms a bipolar polymer. 
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When the muscle receives a signal to contract the myosin walks towards the 
barbed ends, which results in pulling the two z-disks towards each other.  This 
orientation and its function were already known when interest in stress fibers 
was reinvigorated about 50 years ago. For this reason several studies started 
looking at the orientation of the filaments in stress fibers to see if that would help 
us understand their function and molecular make-up better.  
Before I get into the orientation of the actin in stress fibers I should clarify 
that for this study when I say stress fibers I am referring only to the fibers that 
terminate in dense plaques or focal adhesions at their ends or in cell-cell 
contacts as is seen in endothelial cells. This study will not be interested in the 
fibers at the leading edge of cells that have recently been called dorsal stress 
fibers if they terminate in a focal contact at one end or transverse arcs if they 
cross the lamella and sometimes terminate in focal contacts but often don’t and 
simply connect to dorsal stress fibers. These two later stress fibers don’t appear 
to be under tension and are different both in their orientation to cell movement 
and the roles of myosin and other typical stress fiber proteins within them. The 
function of these fibers is not known although dorsal stress fibers are needed for 
maturation of focal adhesions at the leading edge. I am interested in the stress 
fibers in non-motile epithelia, which do not normally make these types of fibers 
and therefore they will not be studied nor described in much more detail.  
In one of the earliest electron microscopy studies that examined actin 
filaments in fibroblasts, it was shown that stress fibers were in fact made up of 
actin filaments as evident by their “decoration” of applied heavy meromyosin 
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(Ishikawa et al., 1969). Heavy meromyosin is a proteolytic fragment of muscle 
myosin that can be used to determine the orientation of actin filaments using 
electron microscopy since it forms an arrowhead like pattern along actin 
filaments with the arrow pointing towards the pointed end of filaments.  Later it 
was discovered that the actin filaments in stress fibers resembled the 
organization of sarcomeres where they switched polarity at dense plaques that 
contained alpha-actinin (Langanger et al., 1984; Sanger and Sanger, 1980). This 
along with fluorescent studies led many to believe that stress fibers were 
analogous to muscle sarcomeres and must be used for generating force. It was 
also hypothesized that this force was used for cell motility.  
However, Cramer et al complicated the hypothesis that the sarcomeric 
organization of stress fibers was used to generate force for motility (Cramer et 
al., 1997). The reason is because they discovered that in locomoting chicken 
heart fibroblasts the orientations of the filaments in stress fibers are such that 
the barbed ends of the actin filaments all point to the focal adhesions and were 
of a graded polarity in between the adhesions. Meaning that the stress fibers 
were not of alternating polarity with electron dense plaques establishing the 
boundaries of alternating polarity of filaments.  The graded polarity structure 
was only seen in motile fibroblasts whereas in non-motile fibroblasts the 
polarities of the filaments were of alternating polarity as was seen by earlier 
studies in non-motile cells. This suggested that the sarcomeric structure that 
had been described in earlier studies was associated with non-motile cells. It 
makes sense that what is considered the “traditional” stress fiber orientation is 
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correlated with a non-motile phenotype since it has been well documented that 
the amount of stress fibers is strongly correlated with cells that are non-motile. 
Therefore it is unlikely that stress fibers are used for motility except for a few 
special cases.  
What then is the function of stress fibers? As was first hypothesized from 
their appearance in tissue culture, stress fibers are more likely the cell’s 
response to tension or stresses exerted on the cell. As was stated earlier, they 
don’t appear to be involved in moving the cell forward, and when they are 
forced to contract they don’t change in their overall size (Peterson et al., 2004).  
Instead they adjust their components in different parts of the fiber to respond to 
the stimulus. This is consistent with a model where the cell uses stress fibers to 
adjust to a changing environment of forces. For example the endothelium in our 
blood vessels has to adjust constantly to the changes in pressure and flow of 
our blood as we respond to stimuli and intake fluids. It is known that when the 
cells of vessels are exposed to increases in pressure they increase their stress 
fibers to remain cohesive and maintain the blood/tissue barrier (Katoh and 
Noda, 2012). The sarcomeric organization of the stress fibers allow cells to 
adjust the tension needed to maintain tissue integrity where ever outside 
pressure is exerted. As Peterson el al. saw, stress fibers are able to adjust their 
components in different areas along their length to respond to stimuli. Therefore 
they can add more myosin to pull harder on one end or more actin and alpha-
actinin to stabilize and possibly decrease tension on another end.  
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In summary, stress fibers consist of actin filaments that are organized into 
alternating polarity at dense plaques. This organization resembles the 
sarcomeric organization of muscle sarcomeres, although it is not a perfect 
mirror. Stress fibers don’t appear to be used by the cell for motility, as their 
appearance is anti-correlated with movement. Instead, cells use them to 
respond to external forces. This allows the cells to maintain adhesion both to the 
substrate and to other cells. In chapter 2 of this study I will be specifically 
looking at the formation of stress fibers in epithelia and the role that alpha-
actinin plays in that process. In brief it appears that re-organizing the actin 
filaments from the cell cortex forms stress fibers in epithelia and alpha-actinin 
inhibits this process. Therefore, next I will introduce the cell cortex.  
 
1.3  Cell Cortex 
 
The cell cortex refers to the filamentous actin that is directly beneath the cell 
membrane of all cells. This network is a crisscross network of filaments that the 
cell uses to maintain its shape and integrity. The cortex is connected to the 
membrane through interactions with membrane-associated proteins. These 
interactions can be either direct where the membrane bound or membrane 
inserted protein binds actin, such as ezrin, or indirect where the membrane 
protein binds an actin binding protein or actin binding protein complex and that 
binds the actin, such as cadherins. Uncoupling the cell cortex from the cell 
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membrane results in blebbing and can lead to cell death or loss of membrane 
and cytosolic components.  
To better understand the cell cortex, I will again start with the ultrastructure. 
The actin filaments of the cell cortex form a crisscrossed network (Bretschneider 
et al., 2004; Charras et al., 2006; Clarke et al., 1975; Heuser and Kirschner, 
1980; Maupin and Pollard, 1983; Small et al., 1982). This meshwork contains 
actin crosslinking proteins alpha-actinin and filamin. It doesn’t appear that the 
crosslinkers are localized to specific areas in the cortex, but are rather localized 
throughout and along the actin filaments (Langanger et al., 1984). In a 
fluorescent microscope the actin meshwork is seen as a haze near the cell 
membrane and it is not possible to differentiate individual filaments (Langanger 
et al., 1984). Also contributing to this “haze” appearance is the fact that the 
filaments are not heavily bundled into larger structures. Because it is difficult to 
study in a fluorescent microscope the cortex is less studied than other actin 
structures in the cell.  However, like stress fibers, the cortex is a structure that 
responds to external forces. When a force is exerted on the cell, the cell 
responds by stiffening the cortex (Icard-Arcizet et al., 2008). How this is 
accomplished is not known although the stiffening is correlated with an increase 
in actin recruitment. 
What we do know is that the organization of the actin filaments is 
reminiscent of actin gels seen in vitro. Actin gels formed in vitro with the protein 
alpha-actinin are also crisscrossed meshworks. Falzone et al. determined that 
these networks form spontaneously when the actin is polymerized quicker than 
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the alpha-actinin can bundle the filaments (Falzone et al., 2012). Therefore the 
network consists of long actin filaments that are cross-linked by alpha-actinin. 
Others have shown that actin cross-linked networks also resist external forces 
and stiffen in response to them(Kasza et al., 2007).  Taken all together the cell 
cortex is an actin gel that is connected to the plasma membrane and provides 
structure and helps the cell respond to external forces.  
While they are often treated as separate structures the cell cortex and stress 
fibers are actually continuous structures. This is evident by the fact that actin 
filaments in stress fibers often “leave” the bundles and end in the cortex (Heuser 
and Kirschner, 1980; Langanger et al., 1984; Maupin and Pollard, 1983; Small et 
al., 1982). This observation is not mentioned as far as I can tell, but is clear in 
the electron micrographs available in the literature. Also this observation is 
supported by the fact that stress fibers in non-motile cells are formed from the 
cortex (Chrzanowska-Wodnicka and Burridge, 1996). I will specifically look at 
the mechanism of this later in chapter 2 where I test the role of alpha-actinin in 
stress fiber formation in non-motile epithelia. Next, however, I would like to 
introduce one more actin structure that is of interest for this study on the roles of 
alpha-actinin in actin architecture.  
 
1.4  Lamellipodia, Lamella and the Leading Edge 
 
The lamellipodia is the actin rich area at the leading edge of migrating cells 
(Abercrombie et al., 1971). The term lamellipodia was first termed by 
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Abercrombie in 1970 (Abercrombie et al., 1970).  Actin rich lamellipodia are 
necessary for persistent cell motility. Lamellipodia are fairly well studied because 
they are thin and this has allowed them to be easily viewed with widefield and 
TIRF fluorescent microscopes. Also the actin cytoskeleton can be well 
preserved for electron microscopy studies. The primary proteins responsible for 
the Lamellipodium is the Arp 2/3 complex and its regulators (Ridley et al., 2003). 
The Arp 2/3 complex can nucleate new filaments and remain bound to the 
pointed end or it can bind to filament sides and nucleate new daughter filaments 
at that site (Mullins et al., 1998).  Therefore the Arp 2/3 complex produces a 
branched network of actin filaments with the barbed ends pointed towards the 
leading membrane (Svitkina and Borisy, 1999).  These arrays are associated with 
the leading edge and are necessary for persistent and directed migration 
(Suraneni et al., 2012; Welch et al., 1997).  The branched network is believed to 
provide the force to push the cell membrane forward (Ridley et al., 2003; Theriot 
and Mitchison, 1991).  
Not all actin at the leading edge of cells is lamellipodial actin. Work from the 
Danuser lab showed that the actin in the leading edge consisted of two distinct 
populations (Ponti et al., 2004). The lamellipodia was characterized as actin that 
turned over rapidly and was Arp 2/3 dependent. It also contained cofilin distally 
from the plasma membrane that was presumably depolymerizing the actin 
filaments. Colocalizing with the lamellipodia and extending further into the cell 
was a newly termed set of actin filaments called the lamella (Ponti et al., 2004). 
The lamella was where contraction of filaments via myosin was coupled to 
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substrate adhesion. While the two networks overlap some they differ in the 
dynamics of the filamentous actin within them. Lamellar f-actin is long lived and 
lamellipodia f-actin is very dynamic. The other main difference is the localization 
of myosin within the two networks; Lamella contain myosin and lamellipodia do 
not. From this work it was shown that the lamellipodia was more for sensing 
where to move and the lamella was used to actually move the cell forward. It 
was posited that the lamella provided the framework for the lamellipodia actin to 
push against leading to forward movement. This was coupled to stabilization of 
new adhesions in the lamella. In support that the lamella was used for forward 
localization Gupton el al. showed that they could enhance the lamella of 
fibroblasts and this would lead to faster migration (Gupton et al., 2004). More 
recently the hypothesis that the two networks overlap has been challenged, 
although the overall understanding of the difference between the two remains 
(Danuser, 2009; Vallotton and Small, 2009).  
Taken as a whole, then, the leading edge of migrating cells contain two actin 
networks that lead to persistent migration. The lamellipodia and the lamella, 
which may or may not overlap, but one is clearly dependent upon rapid actin 
dynamics and Arp 2/3 polymerization and the other contains and is dependent 
upon myosin. This introduction is here to lay the groundwork for the third 
chapter of this study where I explore the role and regulation of alpha-actinin in 
lamellipodia.  
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1.5  Alpha-Actinin 
 
Now its time to introduce the main player of this study: alpha-actinin. Alpha-
actinin is probably the most studied actin bundling protein. In vertebrates there 
are four alpha-actinin genes. Alpha-actinin 1 and 4 are expressed predominately 
in non-muscle cells and 2 and 3 are expressed in muscle cells. Alpha-actinin is a 
rod shaped protein that exists as an antiparallel homo-dimer in cells. The amino 
terminus of alpha-actinin contains two calponin homology domains that are 
used to bind actin. Then it consists of a linker region leading to four spectrin 
repeats that are responsible for the dimerization of the protein. At the carboxyl 
terminus alpha-actinin has two E.F. hands that in the non-muscle isoforms bind 
to calcium, which decreases the affinity of alpha-actinin for actin.  
Alpha-actinin was one of the first actin binding proteins purified from muscle 
tissue (Maruyama and Ebashi, 1965). Because of that, its in-vitro biochemical 
interaction with actin was known in significant detail by the time molecular cell 
biology caught up in the 1990’s and 2000’s. Alpha-actinin was also one of the 
first proteins studied in non-muscle cells using fluorescent microscopy 
(Lazarides and Burridge, 1975). It was then discovered that alpha-actinin 
localized to all known actin structures in cells including stress fibers, the cell 
cortex, cell adhesions, and lamellipodia (Craig and Pardo, 1979; Feramisco and 
Blose, 1980; Geiger and Singer, 1979; Lazarides and Burridge, 1975). This 
feature is relatively unique among actin binding proteins which usually only 
localize to one or a couple of related actin structures. The role of alpha-actinin in 
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all of these structures is not fully understood yet, despite how much alpha-
actinin has been studied. For example the role of alpha-actinin in lamellipodia is 
unstudied. Currently the only known way to induce alpha-actinin accumulation 
to lamellipodia is through activation of PDGFR or EGFR in fibroblasts, yet the 
functional significance of this localization is not known. For example it is not 
known if alpha-actinin is necessary for lamellipodia formation or if it is simply 
following a redistribution of actin to lamellipodia. Also the role of alpha actinin in 
stress fibers in non-motile cells is still not fully understood although it is 
presumed to be bundling filaments. 
What is known is that alpha-actinin can both bundle and crosslink actin into 
two structures. In vitro this can be controlled by altering the rate of 
polymerization of the actin or by altering the temperature in which actinin is 
allowed to interact with filamentous actin (Falzone et al., 2012; Jockusch and 
Isenberg, 1981; Wachsstock et al., 1993). In the past this change from a 
meshwork of cross-linked filaments or bundles was termed gelation or solation 
respectively. While it is known alpha-actinin can produce these two structures 
most work in the literature has focused on the role of alpha-actinin in bundling. 
The reason for this is because alpha-actinin localizes to stress fibers, which are 
bundled filaments in cells. It was therefore assumed that the role of alpha-
actinin in cells was to bundle actin filaments. The only laboratory to try to 
determine the role of alpha-actinin in stress fibers showed that fragments of 
alpha-actinin injected into cells were able to disrupt stress fibers (Pavalko and 
Burridge, 1991). This was the technology that was available at the time, but as 
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the authors point out in their study this method is unable to determine if the 
fragments were disrupting endogenous alpha-actinin or other alpha-actinin 
interacting or signaling proteins. Probably the most convincing work on alpha-
actinin that supports its role as an actin bundling protein was performed looking 
at the non-contractile dorsal fibers near the leading edge of cells where it does 
appear the role of alpha-actinin is to bundle these fibers (Choi et al., 2008). The 
rest of the work on alpha-actinin’s roles in stress fibers also focused on the 
fibers near the leading edge of motile cells, which as addressed earlier, are not 
traditional stress fibers. Not to belabor the point, but other than stress fibers, the 
rest of the actin structures that alpha-actinin localizes to are not bundled and 
are rather cross-linked networks. This lead me to hypothesize that the role of 
alpha-actinin in cells might not be to bundle, but rather to crosslink actin into 
networks that actually inhibit bundling. This would be consistent with in-vitro 
models that show that cross-linked actin gels inhibit myosin based contractility 
and bundling of actin (Janson et al., 1991). I will address this further in     
chapter 2.  
Another area of interest for me, which is also lacking in data, is the regulation 
of alpha-actinin. In the literature there are so far three different mechanisms that 
lead to regulation of alpha-actinin directly. First, as stated earlier, the non-
muscle alpha-actinins can be regulated in-vitro by calcium. In the presence of 
calcium non-muscle alpha-actinin is unable to bind actin filaments. It is not 
known if calcium affects alpha-actinin in-vivo however. Muscle isoforms, on the 
other hand, are not affected by calcium as the calcium binding sites have been 
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mutated in these isoforms. This makes intuitive sense since calcium controls 
contraction in muscle cells and alpha-actinin provides the structure of the actin 
filaments in these cells. If calcium disrupted the binding of actinin with actin 
these cells the sarcomere would fall apart. The role of calcium signaling in non-
muscle cells and its effect on alpha-actinin function remains untested.  
Second, signaling lipids PIP2 and PIP3 can regulate alpha-actinin. This is 
trough a direct interaction with alpha-actinin at the site of the second calponin 
homology domain and or the linker region (Fraley et al., 2003; Franzot et al., 
2005). However, like with calcium, the mechanism differs in muscle isoforms 
and non-muscle isoforms. In muscle alpha-actinins PIP2 binding leads to alpha-
actinin binding to titin and to an increase in affinity for actin (Young and Gautel, 
2000). In non-muscle cells PIP3 inhibits and disrupts alpha-actinin binding to 
actin and integrins (Corgan et al., 2004; Greenwood et al., 2000). PIP2 doesn’t 
affect integrin binding, but it does inhibit actin bundling (Fraley et al., 2003; 
Greenwood et al., 2000). However PIP2 is unable to disrupt bundling of alpha-
actinin (Corgan et al., 2004). The authors later provided a possible mechanism 
where PIP2 and PIP3 allow for plasticity in the alpha-actinin and actin 
cytoskeleton (Fraley et al., 2005).  Their model is that PIP2 helps to maintain 
alpha-actinin dynamics by limiting its persistence on actin fibers and where PIP3 
completely disrupts its association allowing for complete reorganization of the 
actin cytoskeleton. They support this using a mutant alpha-actinin that has a 
decreased interaction with PIP2 and PIP3. The mutant showed a decreased 
turnover rate on actin fibers suggesting that the lipids increase dynamics (Fraley 
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et al., 2005). The modulation by PIP2 and PIP3 is probably the best-detailed 
mechanism of regulation of alpha-actinin. Nonetheless, it only accounts for the 
interaction of alpha-actinin with actin and one alpha-actinin interacting protein, 
integrin. Because alpha-actinin interacts with many different proteins and 
localizes to areas of the cytoskeleton that lacks known localization of PIPs it 
can’t account for the total regulation of alpha-actinin.  
The last type of regulation of alpha-actinin that has been studied is tyrosine 
phosphorylation. Muscle and non-muscle isoforms might also differ in their 
regulation via phosphorylation since there is not evidence yet on tyrosine 
phosphorylation of actinin in muscle. Non-muscle alpha-actinin tyrosine 
phosphorylation has been shown to exist primarily in the actin-binding domain 
(Izaguirre et al., 2001; Shao et al., 2010).  There are two areas of 
phosphorylation that have different actin binding consequences in the non-
muscle isoforms. The first area is in the first 31 amino acids of both alpha-
actinin 4 and 1. Alpha-actinin 4 is di-phosphorylated at tyrosine 4 and 31 
whereas alpha-actinin 1 is phosphorylated at tyrosine 12. Tyrosine 12 and in 
alpha-actinin-1 and tyrosine 31 in alpha-actinin-4 are equivalent amino acids as 
alpha-actinin-4 has an additional 19 amino acids on its amino terminus. The 
phosphorylations have the same consequence for each isoform leading to a 
decrease affinity for actin. They differ in that alpha-actinin-4 is phosphorylated 
down stream of EGFR and alpha-actinin-1 is phosphorylated by FAK based 
signaling. It has been suggested that the phosphorylation of alpha-actinin-4 
happens in a two-step process, first phosphorylation at tyrosine 4 which then 
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changes the conformation slightly allowing phosphorylation at tyrosine 31 
(Travers et al., 2015).  This group also showed that phosphorylation at tyrosine 
31 was sufficient for decreasing the binding to actin. These phosphorylations of 
alpha-actinin-1 and 4 have been studied primarily in how they affect focal 
adhesion dynamics and it is not clear how they affect other actin structures 
although they might affect some basal fibers such as dorsal stress fibers (Feng 
et al., 2013). Lastly it is not clear if the results affecting basal fibers are because 
of focal adhesion dynamics or because of an effect on stress fiber establishment 
or both.  
The other area of tyrosine phosphorylation in alpha-actinin is at tyrosine 265 
in alpha-actinin-4. This phosphorylation was first discovered in cancer cells 
(Rush et al., 2005) and is located on the same helix as an amino acid mutation 
that causes the disease focal segmental glomerulosclerosis (Lee et al., 2008). 
Similar to the disease causing mutation phosphorylation at this site leads to an 
increase in affinity for actin (Shao et al., 2010). It is not clear what the 
consequence on the cell is yet or how the cell uses this phosphorylation for 
remodeling the actin cytoskeleton.  
The cell clearly uses phosphorylation of alpha-actinin in response to 
extracellular signals. Yet, exactly how the cell uses these phosphorylations is 
not clear. The phosphorylations have a functional consequence of altering the 
actin binding affinity of alpha-actinin in-vitro nevertheless it remains to be 
adequately tested how these phosphorylations affect alpha-actinin function in-
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vivo. In this study, in chapter 3, I will take a cellular approach to understanding 
the role of phosphorylation on the function of alpha-actinin-4 in epithelia.  
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CHAPTER 2 
α-Actinin-4 Suppresses Basal Actin Stress Fiber Formation 
 
2.1 Abstract 
 
Cells organize actin filaments into contractile bundles known as stress fibers 
that resist mechanical stress, increase cell adhesion, remodel the extracellular 
matrix, and maintain tissue integrity. α-Actinin is an abundant and ubiquitous 
actin filament bundling protein that is thought to be essential for stress fiber 
formation. Here we show that epithelial cells depleted of α-actinin-4 make more 
massive stress fibers than wildtype cells. We demonstrate that α-actinin limits 
stress fiber growth by antagonizing tropomyosin which shields stress fibers from 
cofilin mediated disassembly. These results are the opposite of what was to be 
predicted from in vitro biochemistry and its role in dorsal stress fiber formation 
where it bundles actin filaments. Thus the global effects of α-actinin on actin 
organization are context dependent, where α-actinin promotes dorsal stress 
fiber formation in motile cells but suppresses ventral or classic stress fiber 
formation in non-motile cells. 
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2.2  Introduction 
 
Stress fibers are conspicuous bundles of actin filaments comprised primarily 
of actin, myosin II, alpha-actinin, and tropomyosin (Burridge and Guilluy, 2016; 
Pellegrin and Mellor, 2007). The fibers span nearly the entire length of the cell 
and are anchored at both of their ends in focal adhesions. While stress fibers are 
contractile (Isenberg et al., 1976; Katoh et al., 1998; Kreis and Birchmeier, 1980) 
their presence is anticorrelated with cell motility (Badley et al., 1980; Cramer et 
al., 1997; Herman et al., 1981), but they are especially prominent in non-motile 
cells that are strongly attached to rigid substrates (Willingham et al., 1977; 
Yeung et al., 2005) or in cells that are exposed to mechanical stress (Gabbiani et 
al., 1975; Wong et al., 1983) which gives them their name. They provide 
mechanical stability to cells and tissues by promoting strong adhesion and 
remodeling the extracellular matrix.  
Alpha-actinin is a conserved, abundant, and ubiquitous F-actin binding 
protein that bundles actin filaments in vitro (Kawamura et al., 1970; Maruyama 
and Ebashi, 1965) and localizes to actin stress fibers in vivo (Lazarides and 
Burridge, 1975). It is quite possibly the most extensively studied and best 
understood actin bundling protein and its role in stabilizing F-actin bundles in 
stress fibers seems axiomatic, which probably explains why the role of α-actinin 
in stress fiber organization has never received much experimental attention. 
Pavalko and Burridge used a dominant-negative approach, which was the 
method available at the time, to test the role of α-actinin in stress fiber 
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organization. They showed that proteolytic fragments of α-actinin injected into 
cells disrupted stress fiber organization (Pavalko and Burridge, 1991). However, 
it is difficult to discern whether the fragments were inhibiting the function of 
endogenous α-actinin or disrupting the functions of other proteins. Since then, 
several separate studies reported some effects of depleting α-actinin on actin 
organization using RNAi (Choi et al., 2008; Feng et al., 2013; Kovac et al., 2013; 
Meacci et al., 2016). All of these studies examined the effect of α-actinin on 
dorsal stress fibers in either spreading cells freshly plated onto an adhesive 
surface or in highly motile metastatic cancer cells. Dorsal stress fibers are 
similar to classic stress fibers in that they are bundles of actin with a similar 
composition, but they differ from classic (ventral) stress fibers in every other way 
making it impossible to extrapolate the function of α-actinin in classic stress 
fibers from its role in dorsal stress fibers. Other studies have also used RNAi to 
knock down α-actinin but never examined the effect on the dynamics of the 
actin cytoskeleton (see, for example, (Shao et al., 2010)). 
Stress fibers are quite stable and actin turns over in stress fibers with an 
average half-life of approximately 10 minutes (Cramer et al., 1997; Kreis and 
Birchmeier, 1980). The stability of stress fibers might be explained by 
tropomyosin, which binds to F-actin, localizes to stress fibers (Lazarides, 1975; 
Lazarides, 1976), stabilizes actin filaments (Broschat, 1990; Hitchcock et al., 
1976; Hitchcock-DeGregori et al., 1988; Wegner, 1982), and makes them 
resistant to cofilin mediated actin disassembly (Bernstein and Bamburg, 1982; 
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Ono and Ono, 2002). α-Actinin, however, competes with tropomyosin for 
binding to the sides of actin filaments (Drabikowski and Nowak, 1968; Goli et al., 
1972) making it difficult to predict whether α-actinin will stabilize stress fibers as 
current models suggest or if it will limit stress fiber stability. Given the 
importance of stress fibers in non-motile cell function and mechanobiology, we 
reinvestigated α-actinin function in confluent monolayers of MDCK epithelial 
cells.  
 
2.3  Results and Discussion 
 
Fluorescence imaging showed actin stress fibers at the basal surface of 
these polarized cells that were decorated with α-actinin-4, which is the 
predominant α-actinin isoform expressed in the kidney (Kaplan et al., 2000). 
Stress fibers inserted end-on into focal adhesions marked by paxillin at either 
end of the bundle (Figure 1A). To test the role of α-actinin-4 in stress fiber 
organization, we depleted it from cells using shRNA. Surprisingly, cells depleted 
of α-actinin-4 had more prominent actin stress fibers that were still anchored to 
paxillin positive focal adhesions (Figure 1B). Quantification of the micrographs 
showed that stress fiber length remained the same (Figure 1C), but more actin 
polymer is incorporated into stress fibers in the absence of α-actinin-4 than in 
its presence (Figure 1C). Western blotting confirmed that α-actinin-4 protein was 
substantially depleted from the cells and there was no detectable, 
compensatory increase in the expression of α-actinin-1 (Figure 1E). Detecting 
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the low amount of α-actinin-1 in these cells requires loading three times as 
much cell extract and exposing the film for a long time. 
We next wanted to make sure that the bright stress fibers in the knockdown 
were a result of actinin depletion resulting in less actinin-actin binding. In order 
disentangle whether the brighter fibers were a consequence of a loss of actin-
actinin interaction instead of a loss of actinin and some non-actin-actinin 
interaction we overexpressed a mutant actinin that lacked the actin-binding 
domain. Our thought process behind this was that the mutant protein would 
form heterodimers with the endogenous actinin making a dimer that has 
significantly lower binding to actin since these heterodimers will only have one 
actin binding domain, and therefore will not bing actin in the cell (Weins et al., 
2007). We overexpressed this mutant tagged with EGPF and 
immunoprecipitated the mutant protein from overexpressing cell extract via an 
antibody to EGFP, and then blotted for the endogenous protein (Figure 2A). 
From this we determined that the mutant was able to form heterodimers as we 
predicted. We then stained for actin in these cells and found that cells 
expressing the mutant looked like our depleted cells with conspicuous brighter 
stress fibers. We then plotted the mean actin fluorescence in these cells and 
compared that to cells lacking expression and found the same trend as our 
depleted cells where actin fibers in the mutant were brighter than non-
expressing cells (Figure 2C). This suggested that the ability of actinin to 
suppress actin polymer mass in stress fibers is a consequence of its ability to 
bind to actin. Because we found it difficult to rescue in our shRNA expressing 
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cells we went ahead and knocked out actinin-4 in MDCK cells. We selected for 
clonal cells that lacked expression of actinin-4. Using a western blot we 
demonstrated that there was no detectable expression of actinin in these cells 
(Figure 2D). We next stained for actin and similarly to our knockdown we saw 
brighter and more pronounced stress fibers at the basal surface (Figure 2E & F). 
Our knockout cells support our hypothesis that the pronounced stress fibers in 
the knockdown cells were a result of diminished actinin expression.  
However before we tested this model further we wanted to further establish 
that the prominent stress fibers are a consequence of actinin expression by 
rescuing our knockout cell line with EGFP tagged alpha-actinin. We first 
expressed actinin-4 tagged with EGFP on the C-Terminus in these cells and 
created a heterogeneous cell line. We stained for actin in this cell line and found 
that the stress fibers in the EGFP positive cells were less bright along their 
length similarly to the wild type cells (Figure 3A). From this we conclude that the 
bright stress fibers are due to a lack of expression of actinin and actinin is 
necessary for regulating the actin polymer mass in stress fibers. Non-muscle 
cells can express two different isoforms of actinin, actinin-1 and actinin-4, the 
expression of actinin-1 in these cells is very low and doesn’t increase upon 
depletion of actinin-4 (Figure 1E). Since the expression level of actinin-1 is so 
low we wanted to know if actinin-1 could also rescue the knockout phenotype if 
we overexpressed it in the knockout cell line. Indeed, in our system, the actinin-
1 was able to rescue the phenotype upon overexpression (Figure 3A & 3B). Now 
that we had established that the prominent stress fibers were a consequence of 
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actinin expression and that the actinin must be able to crosslink actin we 
wanted to test whether we could block stress fibers by increasing the amount of 
actinin binding to actin. To test this we thought of two different approaches. One 
would be to increase the affinity of actinin to actin, and the second would be to 
increase the amount of actinin in the cells. To accomplish this we used our 
knockout cell line and overexpressed wildtype actinin and a disease-causing 
mutant, K255E, which is known to increase the affinity of actinin for actin. After 
we transfected our cell line we then selected for expressing cells with the 
selectable marker and took all resistant colonies which gave as two new cell 
lines expressing wildtype or K255E mutant proteins attached to EGFP with 
variable expression levels. If our hypothesis that actinin was preventing 
formation of robust stress fibers through is crosslinking ability was correct then, 
we would expect that as we saw an increase in EGFP expression in these cell 
lines we would see fewer stress fibers. Also we would expect that it would take 
less K255E expression than wildtype expression to suppress stress fibers. After 
staining our cell lines for actin and looking for EGFP expression we first 
established that K255E could rescue the phenotype of brighter stress fibers. We 
saw that higher EGFP expression in both the K255E and WT actinin-4 
expressing cells was correlated with fewer stress fibers. Then we plotted the 
number of stress fibers in the cell as a function of mean EGFP fluorescence and 
saw that as fluorescence increased the number of stress fibers decreased for 
both cell lines (Figure 3F). Also, we saw that it required less K255E expression to 
suppress the number of stress fibers than it did for wildtype expression. This is 
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consistent with our thoughts that actinin is suppressing stress fibers in MDCK 
cells.  
Previous results have shown that stress fibers are myosin II dependent 
(Chrzanowska-Wodnicka and Burridge, 1996; Goeckeler et al., 2008; Honer et 
al., 1988). Because of this, we hypothesized that α-actinin-4 might limit stress 
fiber formation by competing with myosin II. Visualizing myosin II by 
immunofluorescence shows that little myosin II is present in the relatively thin 
stress fibers that form in wildtype cells, but myosin II accumulates on the more 
prominent stress fibers that form in α-actinin-4 depleted cells (Figure 4A & 4B). 
These results are consistent with previous results suggesting that α-actinin 
competes with myosin II for binding to F-actin (Peterson et al., 2004). We next 
wanted to test whether the accumulation of actin into the stress fibers in the α-
actinin-4 depleted cells was also dependent upon myosin activity or whether the 
myosin was simply accumulating along the new fibers. We tested this by 
applying the myosin II inhibitor, Blebbistatin (Straight et al., 2003), to wildtype 
cells and as expected the actin fibers and actin intensity decreased (Figure 4C 
and 4D). This was also true of the α-actinin-4 depleted cells demonstrating that 
a portion of the actin accumulation into bundles was myosin activity dependent 
(Figure 4C and 4D). However, we noticed that in our knockdown cells some 
fibers still remained even after treatment with the myosin inhibitor (Figure 4E). 
This suggested to us that myosin was not responsible for the stability of actin in 
these fibers. This lead us to hypothesize that these fibers are formed by the 
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stabilization of actin filaments and that actinin is responsible for keeping them 
dynamic. We next wanted to test this hypothesis further in order to determine if 
and by what mechanism actinin is maintaining dynamics in stress fibers.  
α-actinin bundles actin filaments in vitro and is important for dorsal stress 
fiber formation, both of which suggest that α-actinin should stabilize the actin 
bundles.. To test this, we examined actin stress fibers in wildtype cells and cells 
depleted of α-actinin-4 following wounding. Stress fibers are frequently 
anticorrelated with cell movement (Badley et al., 1980; Herman et al., 1981). 
Rather, stress fibers help cells generate strong adhesive contacts to the 
extracellular matrix and adhesiveness can become so strong that it impedes 
movement (Huttenlocher et al., 1996; Ilic et al., 1995). Cells therefore might need 
to disassemble their stress fibers to allow cells to move and repair the wound. 
As expected, stress fibers in wildtype cells quickly dissolved in a gradient from 
the wound edge (Figure 5A). In contrast, stress fibers did not disassemble in α-
actinin-4 depleted cells following wounding (Figure 5B). Quantification of the 
results showed that the number actin stress fibers proximal to the wound 
dropped precipitously in wildtype cells but not in α-actinin-4 depleted cells 
demonstrating that actin stress fibers are less stable in the presence of α-
actinin- 4 than in its absence (Figure 5C). Consistent with earlier results that 
stress fibers are anticorrelated with movement, when we wounded young 
monolayers of wildtype or α-actinin-4 depleted cells we saw less advancement 
of the leading edge (Figure 5D & 5F). We then tracked cells during the first hour 
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of wound healing and found that direction of movement was consistently 
towards the wound in wildtype cells and was more disorganized in depleted 
cells (Figure 5E & 5G). In order to visualize the data in another way we plotted 
the net distance traveled by the cells in Figure 5E and Figure 5G where a 
positive movement is towards the wound and negative was away from the 
wound edge. From this we saw that the cells in both cases made a net 
advancement towards the wound with a 10-micron average in the wildtype and 
2 micron in depleted cells (Figure 5H). However cells in the depleted monolayer 
also moved away from the wound edge as seen in the tracks and the plot 
(Figures 5G & 5H). Our interpretations of these results are, first, the apparently 
more stable stress fibers in depleted cells lead to a decreased speed of the 
depleted cells as the speed of cell advancement is correlated to actin dynamics. 
Next the disorganized cell movement might be explained by that, if the stress 
fibers are less dynamic and are unable to be reorganized, then their direction 
upon the wounding sets the direction the cells move. Since it has been 
established that stress fibers align to the direction of movement, then once the 
cells receive a signal to move if they are unable to reorganize their fibers they 
will travel in the direction their fibers are oriented. 
The interpretations presented above all depend on it being true that the 
stress fibers be less dynamic in the depleted cells. In order to determine if this is 
true we next imaged actin dynamics in live monolayers. We expressed EGFP-
Actin in both wildtype and knockout cell lines and viewed the basal surfaces of 
these cells over a period of 10 min. We were surprised to see that in wildtype 
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cells the actin on the basal surface was very dynamic, with an overall inward 
flow of actin (Figure 6A-6E). All cells that were photographed showed these 
dynamics and flows of actin in wildtype cells (N=30). The kymographs in Figure 
6B & 6C show the flow of the actin flow overtime from the line scans in 6A lines 
1 & 2 respectively.  Another phenomenon that we observed was the appearance 
of prominent fibers from a haze or meshwork of actin as seen in Figure 6 D&E. 
The kymograph in Figure 6E is from the line scan in Figure 6D and arrows point 
out times where a haze of actin becomes a more pronounced stress fiber. This 
cell is a representative example of when we saw fibers appear from a 
meshwork, but as can be seen the inward flow of actin is still occurring. In stark 
contrast to the actin in wildtype cells the actin in knockout cells lacks this flow 
and connectedness (Figure 6F-6H). The only area of actin dynamics seen in 
knockout cells was along the very edge of cells where we saw this flashing of 
actin, but there wasn’t a flow as seen in wildtype cells. When we quantified the 
rate of flow of actin spots in wildtype cells we found a mean of 16.8 nm/min and 
we saw no flow in knockout cells (Figure 6H). This rate is similar to the rate 
found by others (Gardel et al., 2008). Actin dynamics seen in live cells supports 
our hypothesis that actinin is maintaining actin dynamics in MDCK cells in young 
monolayers. We next wanted to determine how actinin was maintaining the actin 
dynamics in these cells.  
Since the fibers appear to be more stable we hypothesized that actinin is 
maintaining the actin dynamics by increasing actin disassembly in the cell. 
Cofilin is the primary actin binding protein driving actin filament disassembly 
30	  
(Lappalainen and Drubin, 1997), and inhibition of cofilin mediated actin filament 
disassembly is thought to promote stress fiber formation (Maekawa et al., 1999). 
Cofilin activity is regulated through phosphorylation by LIM Kinase, which 
inactivates cofilin preventing it from severing actin filaments (Arber et al., 1998). 
To test if actin stress fibers in α-actinin-4 depleted cells were less susceptible to 
cofilin mediated actin disassembly, we treated cells with a LIM Kinase inhibitor 
(Ross-Macdonald et al., 2008; Scott et al., 2010) (Figures 2D and 2E). As 
expected, in wildtype cells, stress fibers quickly disassembled within minutes of 
upregulating cofilin activity by applying the inhibitor (Figure 7A). In contrast, 
actin stress fibers in cells depleted of α-actinin-4 resisted disassembly upon 
deactivation of LIM Kinase (Figure 7A&B). Thus, actin stress fibers in α-actinin-4 
depleted cells are resistant to cofilin mediated actin disassembly. This was not 
because of an inability to activate cofilin as when we blotted for phosphorylated 
cofilin levels in wildtype and knockdown cells we saw that the amounts were 
similar in control treated cells and the phosphorylation levels decreased similarly 
with increased levels of kinase inhibition (Figure 7C). We therefore do not think 
that actinin depletion is causing increased stress fiber mass by activating LIM 
Kinase and it also doesn’t appear to affect the ability of cofilin to be activated 
through its phosphatase. Since we didn’t see a change in the activation of cofilin 
and the stress fibers were resistant to cofilin-mediated disassembly, we thought 
that the stress fibers in the actinin-depleted cells must be protected from cofilin 
action. One way we imagined this was occurring was that another actin binding 
protein was replacing the actinin on these fibers. Previous results showed that 
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tropomyosin competes with α-actinin for binding to F-actin (Drabikowski and 
Nowak, 1968; Goli et al., 1972) and that tropomyosin stabilizes F-actin (Gunning 
et al., 2015). We therefore hypothesized that stress fibers in α-actinin-4 depleted 
cells might bind more tropomyosin. Immunofluorescence showed more 
tropomyosin decorating actin stress fibers in the absence of α-actinin-4 than in 
its presence (Figures 7D and 7E). 
One mechanism through which tropomyosin is thought to stabilize F-actin is 
by competing with cofilin for binding to F-actin (Bernstein and Bamburg, 1982; 
Ono and Ono, 2002). However, cofilin mediated actin disassembly does not 
follow simple mass action kinetics. Rather, cofilin mediated filament 
fragmentation is highest when the filaments are partially decorated with cofilin 
(Andrianantoandro and Pollard, 2006; Elam et al., 2013). This opens the 
possibility that factors like tropomyosin that compete with cofilin for binding to 
the sides of actin filaments might actually promote filament severing as opposed 
to suppressing it as has been shown for phalloidin which also competes with 
cofilin for binding to F-actin (Elam et al., 2013). We therefore imaged actin 
filament severing events in the presence of cofilin and increasing concentrations 
of tropomyosin. Tropomyosin suppressed cofilin mediated actin disassembly 
(Figure 8 A&B), which is consistent with previous results showing that 
tropomyosin stabilizes F-actin (Bernstein and Bamburg, 1982; Gupton et al., 
2004; Ono and Ono, 2002). These results are consistent with a model in which 
loss of α-actinin opens binding sites for tropomyosin which in turn stabilizes 
actin bundles by antagonizing cofilin mediated actin disassembly. We next 
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tested this model further by testing whether tropomyosin and actinin compete 
for access to the actin filament in-vitro. To do this we polymerized actin 
filaments in the presence of a constant concentration of tropomyosin and 
increasing amounts of actinin. We then spun down the filaments and quantified 
the amount of tropomyosin in the pellet (Figure 8 C & 8D). We found that actinin 
was able to compete off the tropomyosin. We then tested the reverse, meaning 
could we compete off actinin if we increased the concentration of tropomyosin. 
We found that upon increasing the tropomyosin concentration we were able to 
compete off actinin at least in part (Figure 8 E&F). We now had some in-vitro 
evidence that actinin and tropomyosin compete for access to the filament and 
that tropomyosin is able to stabilize actin filaments and prevent their 
disassembly via cofilin. Lastly, if our model that actinin maintains actin dynamics 
by preventing tropomyosin from loading onto actin stress fibers, than if we were 
to deplete tropomyosin in our actinin knockout cell line we would should see the 
diminished stress fibers as the actin will then be free to cofilin mediated 
disassembly. First we established that we could deplete tropomyosin from the 
knockout cell line using two different shRNA’s (Figure 8G). We then fixed young 
knockout monolayers that had or had not been depleted of tropomyosin and 
stained for actin (Figure 8H). We saw that the depleted cells had diminished 
stress fibers many to the point of lacking stress fibers entirely. We then 
quantified the number of cells that had clearly defined stress fibers in the 
knockout cell line compared to the knockout cells that were depleted of 
tropomyosin by the two different shRNA’s. We found that in the knockout cell 
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line around 97% of the cells had prominent stress fibers, as the tropomyosin 
depleted cells only had around 10% of cells that had stress fibers (Figure 8I). 
From this we believe that the prominent stress fibers in actinin-depleted cells 
are a result of increased tropomyosin on those fibers.  
We have shown that α-actinin suppresses the formation and limits the 
stability of classic stress fibers in kidney epithelial cells. α-actinin limits actin 
polymer mass within stress fibers by antagonizing tropomyosin. Tropomyosin 
stabilizes stress fibers by limiting cofilin’s access to the filament therefore 
decreasing the disassembly of actin filaments via cofilin. This has the net effect 
of decreasing the overall actin dynamics in these cells and leads the prominent 
actin stress fibers seen in actinin-depleted cells.  
 
2.4  Materials and Methods 
 
Cell Culture and Constructs 
MDCK II cells were maintained in, and all experiments were performed in 
MEM with L- glutamine and 5% Bovine Calf Serum. Cells were grown at 37C 
and 5% CO2. Calf Serum, iron supplemented was from VWR Product Number 
2100-500 Lot 141A15. Media was changed every three days. To make the α-
actinin knockdown cell line we used the shRNA cloning plasmid pLKO.1 - TRC 
cloning vector. This was a gift from David Root (Addgene plasmid # 10878) 
(Moffat et al., 2006). The target sequence was designed using the broad institute 
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GPP web portal, and we followed the protocol as described on Addgene 
(http://www.addgene.org/tools/protocols/plko/). The target sequences used 
were shRNA#1 and shRNA#2 the cell line was made from a transfection of both. 
Cells were transfected with polyjet reagent product number SL100688 from 
SignaGen and selected with 4 ug/ml puromycin 48 hours after transfection by 
splitting transfected cells into puromycin media. The target sequence was 
designed using the broad institute GPP web portal, and we followed the 
protocol as described on Addgene 
(http://www.addgene.org/tools/protocols/plko/). The target sequences used 
were shRNA#1 GCTCAATGAGCTGGACTATTA and shRNA#2 
GGCCACCCTGTCGGATATTAA the cell line was made from a transfection of 
both. After 1 week of selection all positive colonies were kept and used as the 
cell line. The AKD cell line, as well as WT cells, were frozen in aliquots at this 
time point and stored for future use.  
Making the alpha-actinin-4 knockout cell line. Wildtype MDCK cells were 
transfected with CRISPR/Cas9 plasmid px459. pSpCas9(BB)-2A-Puro (PX459) 
V2.0 was a gift from Feng Zhang (Addgene plasmid # 62988) (Ran et al., 2013). 
The sequences used were designed using the NCBI webpage 
(http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) and 
the RGen website to check for off sight targets (http://www.rgenome.net/cas-
offinder/) (Bae et al., 2014). Target sequences used were the following: #1, 
CGGAATGGTGGACTACCACG, #2 GGTACGACTGGTTCGCCGCG, and #3 
ACAGATAGAGAACATCGACG. Cells were transfected as before, but 24hrs after 
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transfecting they were trypsinized and placed into fresh media with 4ug/mL of 
puromycin and left for 24hrs of selection. Then the media was replaced with 
fresh media lacking puromycin. 48hrs after selection, 4 days after transfection, 
the cells were trypsinized again and diluted to single cells in multi-well plates. 
After 1 week plates were split into two and cells were checked for expression of 
actinin using an antibody and immuno-fluorescence. Wells lacking fluorescence 
were selected and those cells were checked again using western blots and 
negative clones were saved. One clone was used for further experiments and 
that came from using target sequence #1. Also target sequence #2 failed to give 
any knockouts.  
Alpha-actinin constructs were all cloned into the plasmid pLenti-III-HA from 
abmGood. First we cloned EGFP into pLenti-III-HA either in between NheI-ClaI, 
or XbaI-XhoI to make plasmids pLGN or pLGC respectively. Alpha-actinin that 
lacked the ABD was cloned into pLGN from EcoRI to XhoI. Alpha-Actinin-4 WT 
and K255E were cloned into pLGC from KpnI to EcoRI. pEGFP-N1 alpha-actinin 
1 was a gift from Carol Otey (Addgene plasmid # 11908) (Edlund et al., 2001). 
Rescue lines were made by transfecting the knockout cell line with the 
constructs mentioned above, and selecting with drugs 48hrs after transfection 
by plating into fresh media with selection. All of the cells surviving were 
collected and maintained as a heterogeneous mixture. EGFP-actin was cloned 
into pLenti-III-HA into sites NheI-XbaI. EGFP-actin cell lines were made as 
above where the parent cell line was transfected and then positive cells were 
selected for 48hrs after transfection for 1 week and all positive cells were 
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collected into a new cell line. For knocking down tropomyosin in the alpha-
actinin-4 knockout cell line we transiently transfected the knockout cell line with 
tropomyosin shRNA, images and western blots were performed on cells 48 hrs 
after transfection. Tropomyosin shRNA were designed as described above, 
except that we chose to target dog exons 7 and 8 in order to have the highest 
probability of knocking down any tropomyosin 1 isoforms. The target sequences 
were sh1 TCGCAGAAGGAAGACAAATAT, and sh2 
GGAGAGGTCAGTAACTAAATT.  
Antibodies and Reagents  
Secondary antibodies were all purchased from life technologies. Primary 
antibodies used were mouse anti-α-actinin 4 (1:100 S, 1:1000 WB), rabbit anti-
tropomyosin (1:100 S, 1:500 WB), rabbit anti-myosin IIB (1:100 S), from Santa 
Cruz Biotechnology SC393495, SC28543, and SC47204 respectively. Mouse 
anti-α-actinin 1 (1:200 WB) was purchased from Abnova H00000087-M01A and 
Mouse anti-paxillin (1:100 S) was purchased from BD Transduction Laboratories 
Cat# 612405. Rabbit anti-α-actinin 4 was produced in house and described 
before (Tang and Brieher, 2012). FITC-phalloidin was purchased from American 
Peptide product number 92-0-11A and diluted in DMSO to 1 mg/ml as a stock 
solution and frozen in small aliquots at -20C. Working aliquots were kept at 4C 
to prevent freeze thaws and used with-in a couple of months. Working 
concentration of phalloidin was 1 ug.ml. Formaldehyde was purchased from 
Polysciences Inc. Cat# 18814 and aliquots were made and kept at -20 until 
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used. (-)-Blebbistatin item 13013 was purchased from Cayman Chemical 
Company and a stock solution was made at 100 mM in DMSO. Lim Kinase 
Inhibitor, LIMKi 3, was purchased from Tocris Bioscience 4745 and stock 
solution was 20mM in DMSO. All stocks were kept at -20C. Working 
concentrations were 50 μm blebbistatin, and 1 or 3 μm lim kinase inhibitor. Pro 
Long Gold was purchased from Life Technologies. Collagen type 1 was 
purchased from BD Biosciences and a stock solution was made at 50 μg/ml in 
0.02 N acetic acid and kept at 4C. Working solution was made fresh the day of 
use and was diluted from the stock solution to 0.5 ug/ml into 0.02N acetic acid.  
Cell Experiments  
For experiments Cells were plated on glass coverslips coated with .5 μg/ml 
collagen. This was accomplished by placing 300 μL of the solution onto 
coverslips and incubating for 30 minutes in the cell incubator. Collagen was then 
removed and media was added to the dish. Cells were plated on coverslips 
such that they reached confluence within 48 hrs. All experiments took place 24 
hrs after cells reached confluency, which was 48-72 hours after being plated on 
the coverslips. For the wounded monolayer experiment a monolayer of cells was 
poked with an 18 G needle that was grounded flat and sharpened to resemble a 
hole punch. The monolayer was then poked with the needle. In our hands this 
allowed for monolayers to be wounded without cells being ripped off the 
coverslip during wounding. Cells were then processed 30 minutes after 
wounding. Live cell wound healing experiments were performed by first 
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incubating monolayers, created as before, with PBS with Mg2+ but not Ca2+ for 
10min. The monolayers were then scratched with a 18 G needle and fresh media 
was added. Monolayers were allowed to recover for 10-30 min until the first 
lamellipodia was seen. Then the coverslip was put on a homemade chamber, 
which consisted of a slide with two layers of silicon tape added. We cut out a 
square in the tape just smaller than the coverslip and the sides of the silicon 
tape were sealed to the coverslip with lanolin. Media was added to the chamber 
the coverslip was placed upside down unto the chamber sealing the cells into 
the chamber with media. The bottom of the coverslip, now facing up, was 
washed and then the slide was placed onto the microscope and imaged via 
phase contrast for 60 min with micrographs taken every min. For drug 
experiments the media was removed and the drug or DMSO control was added 
and then the media was immediately replaced to the dish. Cells were then 
processed for staining and imaging. For the Lim Kinase inhibition where we 
blotted for phospho-cofillin, 35mm dishes of cells were processed as the fixed 
samples, but after 30min drug treatment the media was replaced with 300 
microliters of 1% SDS in fixation buffer. The cells were removed and placed 
through a needle to shear the DNA. Protein concentration was calculated and 20 
micrograms was added per well for each condition and then processed for 
blotting using anti-phospho cofilin antibody from Santa Cruz Biotechnology (sc-
12912-R). Cells used for immunofluorescence were fixed in 0.5% formaldehyde 
in Fixation buffer (10 mM Hepes pH6.8 and 150 mM NaCl) for 15 min at RT. 
Then the buffer was removed and replaced with fixation buffer with .5% TX-100 
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and 100mM glycine and incubated for 60 min RT. Then primary antibodies were 
added in fixation buffer and incubated with the cells for 60min at RT. Cells were 
then washed 2x in fixation buffer. Secondary antibodies were then added in 
fixation buffer for 30 min at RT and cells were washed 2x. Coverslips were then 
mounted onto glass slides with prolong gold. Micrographs were taken using a 
20x objective lens for fixed wound healing experiments, with a 10x objective for 
live cell experiments, and with a 63× objective lens (NA 1.4) for all other 
experiments attached to a 1,000 × 1,000 charge-coupled device camera 
(ORCA-ER; Hamamatsu Photonics) on a Zeiss AxioImager with the Colibri 
illumination system using Axiovision Zeiss acquisition software (Carl Zeiss). Live 
cell experiments where we imaged EGFP-actin were performed using 35mm 
petri dishes from Matek Corporation part no.:P35G-1.5-14-C. Images were 
taken every 5 seconds for 10 min to 20 min. Only the first 10 min were analyzed 
for quantifications because after 10 min of imaging cells started showing signs 
of phototoxicity.  Data was collected on a DeltaVision OMX V4 microscope (GE 
Healthcare) with solid-state illumination using a 100x (N.A. 1.4) oil immersion 
objective (Olympus) and an EM-CCD camera (Photometrics Evolve).  
Quantification of Cell Experiments  
Images were processed using Fiji software (Schindelin et al., 2012). All 
graphs were made using GraphPad software and p-values were calculated 
using the students t-test in the software program. All error bars are 95% 
confidence interval for the data, except for the severing graph were we used 
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standard deviation. For filament length and intensity in figure 1, 50 filaments 
were measured using the line scan in Fiji and lengths were measured along 
filaments between paxillin puncta. For those same filaments the mean intensity 
was measured and that is the intensity used. For the wounded monolayers three 
different monolayers of cells were wounded and images were taken of the 
wound edge and continuing distally. Fibers were counted manually in image. 
The total number of fibers counted was divided by the total number of cells in 
the image to give us the number of fibers per cell. This number was used and 
figure 5C shows the bar graphs of the averages from the three experiments. The 
total number of cells used were as follows; AKD 73 cells proximally and 181 
distally, WT 88 proximally and 172 distally. Proximal cells were considered as 
within the first three cell layers and distal were more than 30 cell layers away 
from wound edge. For figure 7B, the fibers were counted manually in Fiji and 
total fibers counted in a given image were divided by the total number of cells in 
the image. Six images were used from three different replicates. A total of 200 or 
more cells were counted for each experiment. For figure 7E the mean actin and 
tropomyosin intensities were measured along 20 different stress fibers in both 
WT and AKD cells. These numbers were used to make the ratios used in the 
graphs. In figure 4B the mean myosin intensity was measured from 21 stress 
fibers in different micrographs and plotted in Prism. For figure 4D mean total 
fluorescent intensities were measured from at least 5 micrographs and plotted. 
For figure 5D-5G the Cell Tracker program was used (Piccinini et al., 2016). 20 
cells were chosen from the video and their movements were calculated using 
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the semi-automated function and only adjusted if the program was unable to 
maintain the cell position over time. In figure 5H net distances traveled towards 
(positive) or away (negative) from the wound edge were calculated and plotted 
using PRISM. In figure 6 line scans were drawn and kymographs built using 
image J. Inward flow rates were calculated from kymographs where line scans 
were drawn from the edge of cells and EGFP-actin pixels were tracked for at 
least 10 frames and their rates of movement were calculated. Rates of flow were 
calculated from 30 cells for each cell line.  
In Vitro Severing Reactions  
Actin filament severing assays in the presence of cofilin were performed by 
imaging single actin filaments in perfusion chambers as described (Nadkarni and 
Brieher, 2014). Briefly, a 2μM solution of actin containing 20% Cy5 labeled actin 
was polymerized in 1X KMEI buffer for 4 minutes and then introduced into 
perfusion chambers that were previously blocked with saturated casein solution 
contain 0.5% Tween-20 and 0.2% Pluronic F-127. After introducing the 
filaments into the chamber, the chamber was washed 1X with 1X KMEI 
containing glucose, glucose oxidase, catalase, and trolox to limit 
photobleaching and 0.5% methylcellulose to hold the filaments in the plane of 
the microscope. This solution was then replaced solutions containing 4 μM 
human cofilin-1 and increasing concentrations of tropomyosin that had been 
purified from chicken gizzards as described previously (Bretscher, 1984). A time-
lapse movie was then acquired using a 63X 1.4 N.A objective on a Zeiss 
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Axioscope M1 with Colibri LED illumination and a Hammatsu Orca digital 
camera. Images were acquired using Zeiss software and severing events 
quantified using FIJI software.  
In Vitro Actin Binding Reactions  
Alpha-actinin and tropomyosin competition assays were performed in 50 
microliter reactions. 5 micromolar actin was used for all reactions in KMEI buffer. 
For figure 8 C tropomyosin was held constant at 1 micromolar and actinin 
concentration was increased from 0-3 micromolar. For figure 8E actinin was 
held constant at 1 micromolar and tropomyosin was increased from 0-3 
micromolar. Proteins were added together and actin was allowed to polymerize 
for 15min. Then it was centrifuged at 65,000 rpm in a Beckman TLA-100 rotor. 
The supernatants were removed and SDS loading buffer was added. SDS 
loading buffer was also added to the pellets and allowed to solubilize the pellets 
overnight then 1x KMEI was added to the pellets. The samples from the pellets 
were then run out on a 10% SDS page gel and stained with coomassie blue. 
After destaining, the gels were scanned and Image J was used to quantify the 
intensity of the bands for the plots in figure 8D & 8F.  
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CHAPTER 3 
Tyrosine Phosphorylation Affects α-actinin-4 Localization 
 
 The purpose of this chapter is to simply give a very brief look at how α-
actinin’s localization is affected by changes in its actin-binding domain. To do 
this I used the knockout cell line I developed and expressed GFP tagged mutant 
proteins in it. First I needed to demonstrate if the actin-binding domain is 
necessary for localization of the protein. To accomplish this I expressed a 
mutant in which the actin-binding domain was removed and is therefore named 
SREF for the remaining domains in the protein. This mutant didn’t localize to any 
actin structures in the cell and remained cytoplasmic (Figure 9A). This suggests 
that the actin-binding domain is necessary for its localization in cells. From there 
I expressed a mutant that mimics phosphorylation on tyrosine 4 and 31. This 
has been demonstrated to significantly decrease its affinity to actin (Shao et al., 
2010b). This mutant also remained primarily cytoplasmic, but there was some 
rare staining in apical puncta in monolayers (Figure 9B). I then also made a 
mutant that mimics phosphorylation of tyrosine 265. This mutant localized to 
both apical puncta and in a circumferential line in the most apical domain of 
MDCK cells (Figure 9C). Based on these observations, it would appear that the 
actin binding domain is necessary for its localization, but further experiments 
would be needed to determine the role of phosphorylation on actinin 
localization. It looks promising that simply changing the affinity of actinin can 
affect its localization. However, instead of using the mutants I used to see if 
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phosphorylation is sufficient to localize alpha-actinin, it would be better to make 
tryptophan substitutions at the tyrosines and then determine if phosphorylation 
is necessary. This would help determine if the phosphorylations are used simply 
as a structural signal to affect affinity or if they are used as some other 
mechanism for protein-protein interactions.  
 To summarize, the actin binding domain is necessary for actinin 
localization in epithelia. Phospho-mimetic muatnts have an affect on its 
localization and these mirror the affinity of actinin with actin. Meaning that low 
affinity mutants show mostly cytoplasmic localization and higher affinity mutants 
show more localization to actin structures. To follow this up one would need to 
make non-phosphorylatable mutants. Or one could test the localization of 
mutants that can’t bind actin, but that still have the actin binding domain.  
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Figure 9. Rescuing alpha-actinin knockout with mutants changes 
actinin localization 
A) Micrograph of knockout cells rescued with SREF showing cytoplasmic localization. Scale bars 
are 20 microns. B) Knockout cell line recued with Y4E, Y31E, low affinity mutant showing 
primarily cytoplasmic localization C) Micrographs of knockout cell line rescued with Y265E mutant 
showing localization to apical actin structures.  
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